Introduction
When water freezes, about 80 cal./gm. are liberated and the same amount is taken up when the ice melts. As long as these processes happen at the same place, heat gains and losses cancel in the course of a year and can therefore be disregarded. However, if freezing takes place in one area and melting of the ice in another, then the area of freezing will represent a heat source and the melting area a heat sink.
Large quantities of ice are exported from the Arctic Ocean, mostly between Greenland and Spitsbergen. An energy budget for the Arctic Ocean cannot disregard this energy source, as has been shown by Mosbyl, and Vowinckel and Orvig2. In the area of melting, the Greenland Sea and directly south of it, a corresponding amount must be found on the negative side of the energy balance.
The available estimates of the ice export all go back, directly or indirectly, to Russian investigations. The best value seems to be the one by Gordienko such information is not available to the present author. However, as the period used by Gordienko and Karelin lies before and during World War 11, the data available for this estimate cannot have been especially plentiful. It therefore seems appropriate to re-examine the ice export and, if possible, to obtain some estimates about its variations.
Ice transport in the ocean is effected in two ways:
(a) Ice is carried along by the ocean current on which it floats, the transport being directly proportional to the current speed.
(b) Ice is moved, independently of the current, by the wind.
The relation between wind and ice drift was evaluated by Zubov and Somov4. Their results were confirmed by Zubov5, Gordienkoe, and Crary'. The ice movement was found to be parallel to the surface isobars, the speed given by the empirical formula: V = 13,000 p where V: ice movement (km./month) and p: pressure gradient (mb./km.)
Daily synoptic weather maps for the area under consideration covering a long period are available from different sources. There is, therefore, no difficulty in determining the wind component of the ice export by this formula.
For the East Greenland Current, however, estimates of flow are not satisfactory. Oceanographic soundings are only few in number for the summer and there are none for the winter. Therefore, indirect methods have to be used to obtain the ice export by currents.
The only sets of observations for such an indirect approach are the ice charts published each year (for the months April to August) by the Danish Meteorological Services and the monthly mean ice charts by the U.S. Hydrographic ' Office9 and the German SeewetteramtlO. The Danish charts are based on all ice information available for a particular month. The amount of information varies greatly, with the result that the reliability of the charts is quite different from year to year. However, the analysis is carried out by assuming that the ice limit is near its average position unless observations indicate otherwise. This has the result that the variations found from a study of these charts will be an underestimate rather than an overestimate. The above sources for data were used to determine the total ice export. The ice export by current can then be obtained from the total by subtracting the ice export by wind.
Ice export by wind
In the present investigation, only the ice movement to and from the Arctic Ocean is of interest. The only element necessary for the determination of the motion is the zonal west-east pressure gradient in the critical area.
The monthly mean zonal west-east pressure gradients were determined The ice drift was then calculated for each month in the 30-year period, according to the formula given above. To obtain the actual ice export, ice concentration and width of the drift had to be known.
Information about ice concentration is insufficient for an evaluation of specific values for each month of each year. Therefore, the average concentrations, as given by the U.S. Hydrographic Office (ref. 9)) had to be used throughout the'period.
The width of the pack-ice at 65"N. could be taken from the Danish ice charts. Matters are more complicated at 80"N. The East Greenland Current flows southward and the West Spitsbergen Current northward next to it and both have significant speeds. The predominantly northerly winds of this area will certainly increase the ice export in the region of the East Greenland Current. Over the West Spitsbergen Current, however, the wind should merely cause a decrease in ice import, if this import takes place at all. The considerable extent of open water west of Spitsbergen, even in winter, seems to indicate that such an import cannot be very significant. A further restriction in the northward transport of ice must be caused by the fact that the Arctic Ocean contains pack ice of considerable concentration. This will cause resistance to ice import. If, for these reasons, wind-driven ice import over the West Spitsbergen Current is disregarded, no export can be assumed either. This is so, because the current must certainly be strong enough to counter-balance any wind-induced southward movement of ice.
However, there must be a certain area, between the two currents, with a variable direction of flow due to the formation of eddies. It seems likely that wind-caused ice export must take place over this area, although it is a region low in efficient transport by currents. The west-east extent of the area of ice export resulting from wind will therefore be rather wider than the actual extent of the East Greenland Current.
The most likely width of the East Greenland Current seems to be 200 km. (ref. 2) . The distance between Greenland and Spitsbergen is about 600 km. If the width of the West Spitsbergen Current is assumed to be also 200 km., there would remain an area 200-km. wide, with varying currents. The closer one approaches the West Spitsbergen Current, the more predominant the northward component will be, hence the less favourable the area will be for wind-driven ice export. It is assumed that one-half of the width will have as effective a wind-caused ice export as the area of the East Greenland Current, whereas the other half will show no wind effect. Accordingly a total width of 300 km. has been assumed. Since the pack ice always extends over this distance, it was taken to be constant for the whole year. It seems unlikely that the assumption of 300 km. is too high, and the wind influence on ice export will be an underestimate rather than an overestimate.
With information on wind, ice concentration, and width of the drift, the wind-caused ice export was calculated for each month of the 30-year period, for 80"N. and 65"N. The average values are given in Table 1 . Generally, the wind-caused ice export is considerably higher at 80"N. than at 65"N. The reason lies, not in the weaker winds at 65"N., but rather in the fact that northerly and southerly wind components are more equal in frequency there, and compensate each other on the average. The large values in the north are caused by the semipermanent high, or ridge, over northern Greenland, and the tendency for low pressure over the open water to the east. This pressure distribution is especially stable in winter, resulting in very high export values.
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These considerations indicate that a certain amount of accumulation is possible. Its influence on wind-caused ice export is not known. Its magnitude is not likely to be very high, as the East Greenland Current will constantly carry any accumulation to the south, SO that the effect will probably be temporary only, after spells of abnormally strong wind. If the accumulation has any influence at all, it will certainly be in the direction of retarding export. Therefore, the figures in Table 1 represent an upper limit in this regard. Since the width of the export area is probably underestimated as mentioned The high values of wind-caused ice export at 80"N. raise the question whether Zubov's formula is still applicable. The formula was developed empirically for conditions in the Arctic Ocean, where, with the passage of weather systems, the direction of movement will change frequently. Under these conditions heavy accumulation of ice will be at a minimum. Between Greenland and Spitsbergen, however, the high wind speed is semi-permanently from one direction and extends only over a relatively short distance. The result might well be accumulation of ice and a retardation of the wind influence. This effect will be insignificant in summer as there is then always sufficient open water. In winter, however, the concentration of ice is great. One could expect a wind-caused transport eastward farther south, but this is not so, especially in winter, as the following figures show. They give the pressure difference (mb.) between 80" and 70"N. along 0" (average for the period 1949-56, the minus sign indicates above, the two sources of error will work in opposite directions.
Total ice export and ice export by current in winter
The amount of ice south of 80"N. is 1. Amount of ice exported from the 2. Amount of freezing south of 80"N. 3. Amount of melting south of 80"N. During summer the melting must play the most important role. The process of melting is rather complicated (ref. 13) and the relevant factors are not known in sufficient detail at present for the Greenland Sea to permit a calculation of the amount of melting. Therefore, summer does not lend itself to further analysis.
During winter, i.e., September to April, melting can be disregarded in a first approximation. Freezing may be of importance during this season. Nusser14, when discussing the ice types found in the East Greenland Current, On the other hand, it is of great significance if any freezing takes place at the outer edge of the pack ice in the Greenland Sea. Observations indicate that this outer rim is generally composed of polar ice proper. Furthermore, this edge is relatively near the warm water of the Atlantic, which is constantly renewed by the northward current. Although the air coming from Greenland and the Arctic Ocean is very cold in winter, its heat capacity is small compared to that of the constantly renewed water and, in addition, the flow of air is intermittent, being replaced for long periods by onshore winds with respect to the ice edge. These facts, as well as the observations of the composition of the ice edge, indicate that freezing at the ice edge is probably negligible.
From these considerations it follows that the total ice export between September and April will correspond, in the first approximation, to the areal increase of the pack ice south of 80"N.
during the same period.
The total ice cover for April was determined from the Danish ice charts for belts of 1" latitude from 80"N. The results obtained in this way can only be a first approximation, because the pack ice area during winter moves southward into latitudes where the assumption of no melting in winter becomes questionable.
To determine the possible amount of melting it has been estimated how far south the calculated winter ice export would cover the observed pack-ice area of April. The southern boundary was found to be 71.5"N. A graph of the pack-ice area was constructed in which the western edge was taken as a straight line and its width always perpendicular to the direction of the current. This graph is shown in Fig. 1 . Disregarding irregular fluctuations in width caused by the coastline of Greenland, the curve for September is rather smooth, probably because of a gradual decrease of melting towards the north during the summer.
The curve for April, however, shows a very pronounced break around 72"N. The marked decrease south of 72"N. is prob-ably the effect of melting, which seems to increase sharply south of this latitude. Neither radiation nor atmospheric circulation can account for this abrupt decrease in width. A possible explanation may be the branching off of the land Current and its branch to the east and causes this rapid melting of the pack-ice. As the width of the ice decreases much more slowly with latitude farther south, indicating a new equilibrium between ice transport from the north and the rate of melting, this oceanographic explanation would seem to be satisfactory.
As the transport of ice during the winter fills the pack-ice area down to 71.5"N., the ice found north of this latitude in September must have been transported southward across 71.5"N. Therefore, the total ice area south of 80"N. in September must correspond to the total ice area south of 71.5"N. in April -if no melting takes place. It is found that the actual area is smaller than the postulated one. Therefore, the "missing" ice must have melted between September and April.
If no melting took place, the ice area actually reported in April would be larger. Accordingly, this melted area must be added to the overall transport value. This will bring slight adjustments to the area of freshly imported ice. The final southern limit of newly imported ice will be near 71"N. and the amount of melting will be 50,740 k m . 2 .
From these results, areal and actual ice export can be calculated for the period September 15 to April 15. The results are given in Table 2 . Using the wind-caused ice export given in Table  1 , the ice export by current can be obtained. For 80"N. the result is 396,375 k m . 2 ice and for 65"N., 78,900 k m . 2 . The comparison of these values with those given i n Table 1 shows the relatively Jan Mayen-East Iceland Current in high importance of the wind-caused ice this area. It is possible that a branch of export during winter. The wind export the warm current moves northward is about one-half of the current export into the area between the East Green-and one-third of the total export. This 
Annual ice export -total and by current
Although the wind export has now been estimated for each month, the export by current is known only as a total for 7 months. Therefore, to arrive at an annual transport, the variations in the current speed during the year have to be considered.
Significant variations in the current speed in the course of the year are to be expected. Table 3 gives the relative flux values for the better-known currents of the Arctic after Timofeyevlo, Tait", and Lee1*. The table shows that all currents vary significantly and even if the winter period of 7 months is compared with the rest of the year, the variation between the seasons is still considerable. The Atlantic currents have their maximum in winter but the Bering Strait maximum is found in late summer. As the volume of water transported by the Atlantic currents is far larger than the import through the Bering Strait, and as the Atlantic current is much nearer to the region under investigation, it seems more likely that the East Greenland Current is in phase with the Atlantic currents rather than with the Bering Strait current.
Other observations indicate the opposite: Koch15, when investigating the speed of the East Greenland Current from drift observations, did not mention any seasonal variation in the drift speed. Vowinckel and Orvig2 found no variation in the drift speed in the Arctic Ocean. As the wind-caused drift is known, and found to be significantly smaller in summer than in winter, this would mean a substantial increase in current speed in summer, contrary to the observations of the Atlantic current.
Therefore, the time of Occurrence of maximum speed and the variation in speed remain uncertain for the East Greenland Current. However, some calculations can determine at least the magnitude of the resulting uncertainty in the ice export.
For this purpose the wind transport was eliminated at 80"N., for the period September 15 to April 15. The result is an areal export by current of 462,500 km.2 or, with a width of the current of 200 km., 10.2 km./day. This result is in good agreement with Mosby'sl estimate of 8.6 to 12.9 km./day.
The ratio of minimum to maximum speed was assumed from the results of Table 3 to be 1: 3. The annual variation was considered to follow a sine curve. This is not strictly correct, but the differences in the results will be slight for different shapes of the annual curve.
It was further assumed that the monthly values have to fulfil the requirement that the total areal transport from September 15 to April 15 is 462,-500 km.2.
The calculations were carried out for one medium and two extreme possibilities of the annual variation in export:
1. Maximum current in December. 2. Maximum current in June.
No annual variation.
The results obtained for the three alternatives show that the difference between the extremes is quite large. The pencentage difference, however, will be less for the total ice export, since the wind-caused export remains constant. But even so, the maximum value is still 150 per cent of the minimum.
It must be considered that the current speed has to satisfy also the requirements of water export from the Arctic Ocean. With the three assumptions the following mean speeds would result for a width of 200 km.:
(1) 9.16 km./day (2) 14.71 km./day (3) 10.75 km./day Mosbyl uses a width of the East Greenland Current of 200 km. and a depth of 100 m. Considering the temperature profiles given by Chaplyginlg, this depth seems to be rather shallow. Using a depth of 150 m. a mean between
Chaplygin's and Mosby's estimates, and using Timofeyev's two estimates for the flux, 93,500 and 117,500 km."year, the required average speed would be 8.5 or 10.7 km./day. Considering that the speed probably decreases with depth, it seems likely that the surface speed of the current lies between assumptions (1) and (2), but nearer to (2) than to (1). The resulting ice export should lie between 950,000 and 1,000,000 km.2. Comparing this figure with Gordienko and Karelin's3 estimate of 1,036,000 km.2 it will be seen that quite independent estimates give nearly the same result. That the Russian estimate is about 5 percent higher may well be caused by the different observational period used.
Variations in annual ice export
The available results permit estimates of the variability of the ice export. For the wind-caused export there are no further difficulties. For the total ice export, however, melting and freezing must again be considered. This is SO because the annual variations in total export can only be determined from the variations in ice extent in a particular month from one year to the next, and both melting and freezing take place in the course of one year.
The relation between ice extent and amount of freezing and melting was examined. It became apparent that the greater the ice cover in April, the greater the likely decrease (melting effect) towards August, and the reverse holds for the period August to April of the next year. This means that freezing and melting have, on the average, the tendency to dampen the variations resulting from ice import.
It can be concluded that: 1. The variations in ice extent over a year are on the average the result of fluctuations in ice import.
2. The variations of ice cover from year to year are smaller than the variations in import, as freezing and melting have the tendency to counterbalance the extremes in ice cover.
The calculated variations in total ice export from areal extent figures will therefore be rather smaller than the real values.
For all further calculations the areal ice extent figures were converted to an ice concentration of 1.0. The differences between individual years were determined by using the extent of ice at the end of March. The average ice concentration for April was estimated, after cent of the mean value, the same figure for the current export is 15.6 per cent, or practically identical. The current therefore seems to be no more stable than the wind. These variations in the current speed are not caused by the local wind. The correlation coefficient between the yearly deviations of the long-term mean wind-and the currentcaused exports is -0.59. It is not clear why the correlation is negative. As no information is available on the reasons for the variation in current speed, speculation about the causes for this negative correlation seems futile at present.
Since the ocean current is as variable as the wind rather extended oceanographic observations are necessary to obtain reliable transport values for this current. This makes understandable the discrepancies that are found in the estimates of different authors of the water transport by the East Greenland and West Spitsbergen currents (discussed by Vowinckel and Orvig2). Therefore, indirect methods for the determination of these two currents, as used by Mosbyl, should certainly be followed up. Table 4 gives the ice transport by current, calculated for the three possibilities of seasonal variation in current speed. If such variations in the surface speed of the East Greenland Current exist, it can be assumed that the transported water masses fluctuate proportionally. This must be considered when the overall fluctuations in heat gain for the Arctic Ocean are estimated. The results of considering these fluctuations in water transport (without postulating fluctuations in temperature) is a mean deviation of 24,776 X 1015 cal./year. The heat content of the exported ice and of the water masses was taken from the results given by Vowinckel and Orvig2. This mean deviation must be compared with the overall average heat gain by ocean currents and ice export, which is after Mosbyl and Vowinckel and Orvig2 around 530,000 x 1015 cal./year. The mean deviation would therefore be 4.7 per cent of the total heat gain and the deviation of the highest quartile, 8.3 per cent.
These variations are not the only ones that can be expected in the Arctic Ocean. It seems probable that a decrease or increase in the major water export would require similar variations in the import, i.e., mainly in the Atlantic inflow. This could very easily increase the mean deviation to 10 per cent.
A difference from the long-term mean, for a particular year, of 15 to 20 per cent in the heat gain from ice and currents is quite likely for the Arctic Ocean. However, these fluctuations are mainly rather short-term occurrences. 
